Microstructural and crystallographic imperfections of MgB2 superconducting wire and their correlation with the critical current density AIP Advances 4, 017113 (2014) In a sequel to our previous paper (J. Appl. Phys. 113, 036908 (2013)), where we reported comprehensive analysis of inter-grain connectivity (A F ), pinning, percolation threshold (P c ), and anisotropy (c) in a series of ex-situ processed MgB 2 , we address the same issues in in-situ processed samples. MgB 2 samples with stoichiometric composition, excess Mg (5 wt. %) and further 3 wt. % addition of various non-carbon based additives like nano-Ag, nano-Ni, and YBCO are synthesised by the in-situ route. Detailed investigations of X-ray diffraction, magnetization (M), and resistivity (q) as a function of temperature (T) and field (B) in the range 5-300 K and 0-8 T are carried out in all the samples. The resistive superconducting onset T con $ 38.6 6 0.3 K and offset (where q goes to zero) T c0 $ 38.1 6 0.3 K of the samples stay nearly unchanged. The inter-grain connectivity (A F ) of the samples varies between 11%-20%. All the additives result in a critical current density (J c ) higher than the stoichiometric MgB 2 sample, where the highest values (e.g., J c (1 T, 5 K) $ 1.2 Â 10 9 A/m 2 ) are observed for the sample with 5 wt. % excess Mg. The major findings based on quantitative analysis of q (T, B) and J c (B, T) data in all the samples are: (1) along with previously studied ex-situ samples, the J c (A F ) shows a significant increase at A F $ 7%; (2) the irreversibility lines lie lower than the characteristic T c0 (B) lines in the B-T phase diagram; (3) a universal core pinning (dl-and/or dT c -type) mechanism is revealed in the entire T range 5-30 K; and (4) typical values of P c $ 0.57 6 0.04 is indicative of weak link networks. V C 2014 AIP Publishing LLC.
Connectivity and critical current density of in-situ processed MgB 2 superconductors: Effect of excess Mg and non-carbon based additives P. P. S. Bhadauria In a sequel to our previous paper (J. Appl. Phys. 113, 036908 (2013)), where we reported comprehensive analysis of inter-grain connectivity (A F ), pinning, percolation threshold (P c ), and anisotropy (c) in a series of ex-situ processed MgB 2 , we address the same issues in in-situ processed samples. MgB 2 samples with stoichiometric composition, excess Mg (5 wt. %) and further 3 wt. % addition of various non-carbon based additives like nano-Ag, nano-Ni, and YBCO are synthesised by the in-situ route. Detailed investigations of X-ray diffraction, magnetization (M), and resistivity (q) as a function of temperature (T) and field (B) in the range 5-300 K and 0-8 T are carried out in all the samples. The resistive superconducting onset T con $ 38.6 6 0.3 K and offset (where q goes to zero) T c0 $ 38.1 6 0.3 K of the samples stay nearly unchanged. The inter-grain connectivity (A F ) of the samples varies between 11%-20%. All the additives result in a critical current density (J c ) higher than the stoichiometric MgB 2 sample, where the highest values (e.g., J c (1 T and flux pinning [10] [11] [12] [13] [14] [15] has been a very active research area. Despite the effort, MgB 2 continues to pose challenges linked with inter-grain connectivity, pinning, and anisotropy. Both carbon and non-carbon based additives have been tried extensively in improving the J c (B). Having fewer fabrication parameters, for application purpose, the ex-situ synthesis route has been used by several researchers. [5] [6] [7] 16 Since the substitution reactions and trapping of nano-particles to create effective pins can easily occur via in-situ route, it has been a favourite for nano-additives. Carbon, on substituting into lattice, drives MgB 2 to dirty limit to enhance B c2 , [14] [15] [16] [17] [18] which is supposed to be the key reason of high field J c increase. In comparison, the non-carbon based additives like Mg, Ag, Ni, Fe, Al, YBCO, etc. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have met with only a limited success. A relevant question that needs attention in the latter case, before detailed J c optimization is undertaken, is whether the non-carbon additives truly work as pinning centres or they merely influence the connectivity of the samples. In the present work, we investigate the structural, transport, and magnetic properties of in-situ processed pure MgB 2 and with various non-carbon based additives to quantitatively address this question. Detailed analysis based on Rowell's connectivity model, 30 collective pinning theory 31 and anisotropy based percolation model 32 is carried out to understand the J c (B,T) behaviour. In continuation to our previous report, 29 where samples with connectivity ranging from $0.01% to 7% were addressed, the same is furthered up to $20% by in-situ processing. The highlight of the present work is that processing and the choice of additive affect all these parameters that govern the overall J c (B, T) of the samples.
II. EXPERIMENTAL DETAILS
Polycrystalline bulk MgB 2 samples in pure form and with different non-carbon based additives, were prepared by in-situ solid state synthesis route. Powders of Mg (Riedel-de-Haen, purity 99%) and B (Fluka, purity 95%-97%) were mixed in appropriate ratios to prepare pure MgB 2 , MgB 2 þ 5 wt. % Mg and the latter composition with added 3 wt. % of nano-Ag, nano-Ni, and YBa 2 Cu 3 O 7-d (YBCO) powders. The powders were hand ground and mixed with an agate mortar pestle for an hour. This was followed by pelletization in a parallelepiped shape under a pressure of 10 MPa. The pellets were placed in an iron tube with a pin hole and sintered in Argon atmosphere at 800 C for an hour followed by furnace cooling to room temperature. The samples are named as follows: pristine as "MB" and with additives as "MBd" ( characterized by X-ray diffraction (XRD), and magnetization (M) and resistivity (q) in the temperature range 5-300 K and field range 0-8 T.
III. EXPERIMENTAL RESULTS
The XRD patterns of all the samples, as shown in Fig. 1 10 No significant shift is observed in the XRD peaks related with the main MgB 2 phase in any of the samples (see Fig. 1 ). The lattice parameters, calculated by FULLPROF program (based on Rietveld method) and listed in Table I , show no significant change by any of the additives.
The measured q(T) for all the samples, depicted in plotted in inset (a) of Fig. 2 . The values of q 40 , the superconducting onset (T con ) and the zero resistivity temperature (T c0 ) are shown in Table I . The sharpness of the superconducting transition and its bulk nature are confirmed by the M(T) measurements. For all the samples, the zero field cooled M(T)/M 5 (where M 5 ¼ M(5K)) in an applied B $ 10 mT is plotted in inset (b) of Fig. 2 . The critical temperatures (T cm , see Table I ) corresponding to the midpoint of the diamagnetic transition match well with those obtained from the resistive transitions.
The q(T) of all the samples was measured in the presence of applied constant magnetic field. The same is shown for three samples MBMg, MBNi, and MBYB in Figs.  3(a)-3(c) , respectively. In all the samples, with increasing B, the superconducting transition shifts to lower temperatures and the transition broadens. The change in T con and T c0 as a function of B is plotted in Fig. 4 for all the samples. For comparison, the magnetically determined irreversibility field B*(T), discussed in next section, are also depicted in the same figure. In general, the characteristic T con (B) line is steeper than T c0 (B) line, which is a reflection of broadening of the superconducting transition with increasing B.
The critical current density J c (B) of all the samples was extracted, using Bean's model, from the isothermal Table I .
IV. DISCUSSION
Besides pure MgB 2 , samples having excess 5 wt. % Mg and additionally 3 wt. % of nano-Ag, nano-Ni, and YBCO prepared by the same in-situ route were studied. The lattice parameters of different samples do not show any significant change. This along with the fact that both T con and T c0 do not change much reveals that none of the additives substitute in the lattice, which is in agreement with earlier reports. [21] [22] [23] [24] One may conclude that the tried non-carbon additives apparently do not influence the intra-grain regions and may affect mainly the inter-grain regions of the samples. This should reflect in the normal state electrical transport. The resistivity of the samples is given by qðTÞ ¼ q 0 þ DqðTÞ;
(1) where q 0 and Dq are the T independent residual resistivity and T dependent part of the resistivity, respectively. Taking q 40 as the respective q 0 , for all the samples, we plot Dq(T) = Dq 300 in Fig. 6 . The collapse of the data of all samples on a single curve shows that T dependence of the resistivity is identical in them. Along with the fact that there is no change in the intra-grain regions of the samples, the difference in the multiplicative factor of all the curves shown in Fig. 6 indicates the difference of the effective current carrying cross section area or connectivity (A F ) in various samples. 30 The A F of the samples can be estimated by 30 A F ¼Dq 300 ðsingle crystalÞ=Dq 300 ðsampleÞ;
where Dq 300 (single crystal) ¼ 4.3 lX cm. 30 The values of A F , ranging from 11%-20.3%, along with RRR and q 0 for all samples are listed in Table I . In comparison, the earlier reported ex-situ samples of MgB 2 prepared with different additives and sintering temperatures, had shown much smaller A F values $0.01% to 7%. 29 This shows that the in-situ processing leads to a significant increase of A F . We now discuss the impact of A F on the J c values. In the present in-situ samples, the J c (5 K, 1 T) varies between 0.83-1.24 Â 10 9 A/m 2 (see Table I ), whereas the various ex-situ samples showed 29 
28,29
The normalization has been carried out with the respective highest value of the J c observed among all the samples. Many interesting features can be marked in Fig. 7 . First, note that the J c (A F ) behaviour reflected by various samples is identical at both T ¼ 5 and 20 K. Second, the J c suddenly jumps to much higher values for A F values higher than $7%. It is tempting to conclude that 7% connectivity seems to be critical in terms of significant enhancement of J c in bulk MgB 2 . However, A F $ 7% also represents a boundary in Fig. 7 , below (above) which all our ex-situ (in-situ) samples happen to lie. It would be interesting to cover the entire A F range independently by both the methods and make a comparison. Third, no direct correlation between J c and A F is observed in either the in-situ or ex-situ samples. These features suggest that the material processing does set the low field J c scale through the connectivity A F of the sample. However, to understand the overall J c (B,T) behaviour of all the samples, the influence of processing on other factors like pinning, upper critical fields (B c2 ), weak link networks (WLN), and anisotropy needs to be analyzed, as was shown in the ex-situ case. 29 For all the samples, J c (B) sharply decreases towards zero at high fields (see Fig. 5 ). The field at which J c (B) becomes typically smaller than $10 6 A/m 2 is defined as a characteristic irreversibility field (B*) of the sample. We plot B* versus T for all the samples in Fig. 4 , and the data are found to be described very well (see the fitted curves in Fig.  4 ) with the often used relation 11, 12 , where the values of the exponents p and q, and b max (where f(b) shows a maxima) depend upon the pinning mechanism. 35 The fact that, in case of all the samples, the ratio of p/(p þ q) match very well with the observed b max (see Table II ) establishes the goodness of the fitting. 35 For grain boundary (point core) pinning, the expected values of p ¼ 0.5 (1), q ¼ 2 (2), and b max ¼ 0.2 (0.33). In our samples (see Table II ), the observed values of p ¼ 0.7-0.9 and b max ¼ 0.26-0.31 indicate the presence of point core pinning mechanism. In addition, as shown in Fig. 9 , the observed F p,max / B* 2 dependence in all the samples supports the core pinning. 35 We would mention here that, in contrast, our previously 29 studied ex-situ samples showed p $ 0.5, q $ 2.0, and b ¼ 0.15-0.23 reflecting mainly the grain boundary pinning. According to the weak collective pinning theory, 31 with increasing B, the point core pinning should exhibit three regimes, namely: single-vortex, small-bundle (sb), and largebundle. For B < B sb , the inter-vortex interaction is negligible and each vortex in pinned independently. For B > B sb , the inter-vortex interaction becomes important and vortices are collectively pinned in small bundles giving rise to J c (B) given by the relation 11, 31 J c ðBÞ % J c0 exp À B B 0
where J c0 and B 0 are constants and n $ 3/2. Using Eq. (3) and plotting log[Àlog(J c (B)/J c0 )] versus log(B), as done for MBMg in Fig. 10 at all T, the characteristic field B sb is marked by departure of the data from a straight line at low field side. The values of B sb (T) so determined for all the samples are plotted in Fig. 11 . The value of n showed a variation between 1.5 6 0.3. For all the samples, the B sb (T) increases from 0.1 to 1.8 T with a decrease in T from 30-5 K that reflects an apparently similar behaviour. To understand the T dependence of B sb , one needs to consider that the point core pinning can be caused either by spatial variation of T c and/or mean free path leading to dT c and/or dl type pinning, respectively. B sb (T) is given by 11, 36 for dT c À pinning B sb ðtÞ ¼ B sb ð0Þ
for dl À pinning B sb ðtÞ ¼ B sb ð0Þ
The fits to the B sb (T) data using Eqs. (4) and (5) are depicted in Fig. 11 . Interestingly, all the samples clearly reveal both dl-and dT c -pinning, where the former (latter) is more dominant at lower (higher) T. In case of MB sample, the signature of dT c -pinning is visible only at T $ 30 K, which is further suppressed in the case of MBMg. Whereas, in case of the samples with various non-carbon additives, the dT c -pinning (4) and (5)).
becomes pronounced at much lower T $ 10-25 K. These results are compatible with the expected variation of local T c across the sample, which should be highest in the case of mixed non-carbon elements. The impact of other parameters like B c2, c, and WLNs on the overall J c (B, T) of different samples can be analyzed by applying Eisterer's anisotropy driven percolation model, 32 as reported earlier for our ex-situ samples. 29 In the present analysis, we use the experimentally observed pinning relation instead of the grain boundary pinning as originally assumed in the model. 32 The values of B 32 The observed higher values of P c suggest that contribution of WLNs in the overall J c of the samples cannot be ruled out. This conclusion is based on our discussion of ex-situ processed MgB 2 samples reported earlier, 29 where the observed values of P c ¼ 0.70 6 0.05 were much higher. On the other hand, the values of c ¼ 4.9 6 0.5 at 5 K and 3.9 6 0.5 at 25 K in the in-situ samples are found to be higher than $3.9 6 1.2 reported earlier 29 for the ex-situ samples. These results show that P c and c are sample dependent and contribute in the overall determination of J c (B).
Finally, in the light of above analysis, we underline the difference between our present in-situ and the earlier 29 reported ex-situ processed MgB 2 samples. In-situ processing led to significant improvement in connectivity, so that the J c (B,T) in terms of scaling behaviour and point core pinning mechanism became clearly visible. Whereas, in the case of ex-situ processing due to poorer connectivity, both pinning and WLNs compete in determining the overall J c (B,T). Interestingly, in both the cases: (a) excess Mg as an additive led to highest J c (B, T); and (b) addition of non-carbon additives along with excess Mg did not improve the J c further, although it was higher in comparison to pure MB sample. We would like to mention that, though in-situ processing leads to a significant increase in low field J c , the irreversibility fields B*(T) are lower in comparison to that of ex-situ processing. This indicates that in-situ processing could improve the J c (B) graph vertically, however, the horizontal improvement could not be achieved by mixing non-carbon based additives. The latter optimisation is very important for the high field applications and needs more effort especially for non-carbon based additives.
V. CONCLUSION
In-situ processed bulk samples of pure MgB 2 , with excess Mg (5 wt. %) and further 3 wt. % non-carbon based additives of nano-Ag, nano-Ni, and YBCO were investigated for structural, transport, and magnetic properties. The additives did not show any substitution in MgB 2 lattice and the superconducting transition stayed almost unaffected. The samples typically showed connectivity between 11%-20%. The magnetically determined irreversibility line of all the samples was found to lie much lower than the respective resistively determined T con (B) and T c0 (B) lines in the B-T phase diagram. The F p (B, T) scaled perfectly in the entire B and T regions in all the samples and revealed a universal point core pinning mechanism. Both dl-and/or dT c -type core pinning could be delineated in the samples. Based on anisotropy driven percolation model, it was shown that the parameters c, P c , and B c2 || need to be taken into account for a quantitative comparison of J c (B, T) of different samples. To realize the true potential of the non-carbon additives acting as pinning centres in optimized MgB 2 host sample needs more work. 
